Seismic observations of the mantle, which include long-wavelength structure, a k '1 dependence of heterogeneity on harmonic k, and a heterogeneous upper boundary layer, and supercontinent kinematics may be explained by the dynamic interaction between a continent like raft and thermal convection. We have formulated finite element models of convection with rafts simulating continental plates in a cylindrical geometry. The azimuthal interconnectivity of this geometry is vital to resolve the two-way dynamics between rafts and convection. Computations show that (1) raft motion is periodic, (2) long-wavelength thermal structure is significant within both thermal boundary layers and the fluid interior, and (3) the largescale thermal structure with a wavelength longer than the width of raft is responsible for raft motion. These three results, which are observed for a range of Rayleigh numbers, internal heating rates, and raft sizes, are a direct consequence of the dynamic interaction between the raft and convection. The physical processes for a model with a Rayleigh number of 105 are representative: when the raft is stationary, due to the less efficient heat transfer through the raft and instabilities from the bottom boundary layer, heat accumulates beneath the raft and results in long-wavelength thermal anomalies. The long-wavelength thermal anomalies enhance raft motion. Accompanying the enhanced raft movement, the long-wavelength thermal anomalies diminish cand the raft velocity decreases or the raft comes to rest. Since convection models without rafts generate less long-wavelength heterogeneity compared to the models with rafts, or continental plates, we suspect that continental plates may play a crucial role in mantle dynamics. Interestingly, raft motion with a period of about 10 transit times is usually significant; 10 transit times is about 600 m.y. if scaled to the Earth. This is close to the observed 300-500 m.y. period of supercontinent aggregation and dispersal.
INTRODUCTION
Over the last few years, oceanic plates have been successfully introduced into simple numerical models of thermal convection. Some models have introduced oceanic plates via piecewise constant velocity boundary conditions [Davies, 1988a, b] , while in other models, imposed weak zones have been used to simulate plate margins [Davies, 1989] . Although these models are not dynamically selfconsistent, they have been able to predict the form of both oceanic bathemetry and heat flow [Davies, 1988a [Davies, , b, 1989 . These convection models have all been steady state, but it would be of great interest to formulate truly dynamic and timedependent models of plate-mantle interaction. An important attempt to simulate time-dependent plate-mantle interactions was made by Gurnis and Hager [1988] , who simulated the evolution of an oceanic plate; the resulting subducted slab showed first order changes in structure and dip as a function of time which were successfully related to the structure of seismic Benioff zones. But there are even larger spatial scale and longer time scale features of the solid Earth which are almost certainly related to plate-mantle interactions but have yet to be realistically addressed by geodynamicists. These features include: supercontinent aggregation and dispersal, first-order fluctuations in sea level, and periodicity in the age of crustal rocks.
regarded as variations in mantle temperature, although seismic velocities change with composition as well. By mapping the seismic velocity anomalies, these studies almost certainly will help us understand Earth dynamics. Early studies used P wave travel time data reported by the International Seismology Centre (ISC) to image mantle structure. Dziewonski et al. [1977] and Dziewonski [1984] parameterized the lower mantle with lower order harmonics, while Hager and Clayton [1989] , and lnoue et al. [1990] represented the whole mantle with distinct cells. Tanimoto [1990a] utilized long-period SH body wave and long-period Love wave data to obtain S wave velocity structure within the whole mantle. Although the methods and data are different, all these studies have yielded some common features of mantle structure, such as fastvelocity anomalies in the lower mantle surrounding the Pacific Ocean. More importantly, these studies have consistently displayed significant spatial power at the gravest spherical harmonics from degrees 1-6. For example, Tanimoto [1990a] demonstrated that the power at harmonic degree 2 was dominant through the wi•ole mantle except for a layer at 1000-1300 km depth. Considering that ISC data used in P-wave tomography inversions may contain significant random errors, Gudtnundsson [1989] and Davies [1990] designed stochastic inversion methods in which the variation of lateral heterogeneity with depth was obtained. They showed that even when the power of spatial variability within the lower mantle was expanded up to harmonic degree 25, the power was dominated by the lower harmonic degrees, having a maximum at degree 1 and decreasing rapidly with harmonic degree.
Even without inverting for structure, Woodward and Masters [1991] and Su and Dziewonski [1991] showed that the longwavelength heterogeneity was observed from raw travel time residue data. By analyzing ScS-S differential travel times, Woodward and Masters [1991] specifically showed that the three dimensional (3-D) structure within the lower mantle was dominated by continental-scale features. This conclusion is rather convincing, because ScS-S differential travel times are insensitive to upper mantle structure. Based on studying long period SS travel time anomalies, Su and Dziewonski [1991] demonstrated that power of the travel time residues was all accumulated at harmonic degrees less than 6, although the data were expanded up to harmonic degree 36. They concluded that mantle heterogeneity had a wavelength over 6000 km.
Based on their surface wave studies, Tanimoto [1990b] and Zhang and Tanimoto [1991 ] showed that spectra or root-meansquare (RAMS) of Love wave phase velocity at a period of 100 s is concentrated at low harmonic de•rees, k, and decreases rapidly with k approximately as k-'. Since surface waves mainly contain information about shallow parts of Earth, this k -1 dependence has been explained as an outcome of largescale features on Earth's surface, such as the existence of continents [Tanitnoto, 1990b] . While the long-wavelength heterogeneity dominates mantle structure, its power varies greatly with depth, having peaks at both the shallow part of the mantle and core-mantle boundary (CMB) [Gudmundsson, 1989; Tanimoto, 1990b] . This indicates that CMB and Earth surface may be more heterogeneous. Moreover, the power of heterogeneity is greater at the shallow part of the mantle than that in CMB [Gudmundsson, 1989; Tanimoto, 1990b] .
Such large-scale mantle heterogeneity should be an outcome of mantle convection models. Jarvis and Peltier [1986, 1990] have studied the spectral decomposition of the temperature field in Cartesian convection models with constant viscosity and reflecting boundary conditions. They showed that heterogeneity with a wavelength comparable to the circulation length was significant within thermal boundary layers and that the power of the heterogeneity was greater in thermal boundary layers compared to the fluid interior. In a similar convection model, Honda [1987] used the root-mean-square of temperature as a measure of heterogeneity and found that more heterogeneity occurred in thermal boundary layers. These results about thermal boundary layers seem to be consistent with seismic tomography [Tanimoto, 1990b] . Outside of thermal boundary layers, the long-wavelength thermal structure was found to be insignificant for models with aspect ratio ranging from 1 to 3 Peltier, 1986, 1990] . Machetel [1990] showed that for an axisymmetric convection model with relatively realistic parameters of Earth, the thermal structure was dominated by short-wavelength anomalies. Faced with a contradiction between the results from his models and seismic tomography, Machete l [1990] suggested that the long-wavelength structure observed from seismic tomography might be artifacts resulting from truncation. Machetel further displayed that after truncation, the short-wavelength thermal anomalies from his models would yield long-wavelength structure apparently compatible with tomographic mantle anomalies. However, using the seismic velocity anomalies as driving sources in a viscous model, Hager and Clayton [1989] were able to explain about 90% of the long-wavelength geoid. With a similar approach, Ricard and Vigny [1989] showed that current plate velocities can also be successfully explained. These two studies suggest that the observed seismic longwavelength anomalies may indeed be real features of the mantle.
What does not seem to be well appreciated is that the present state of the mantle is an integral of mantle convection over time. Indeed, the presently observed large-scale heterogeneity of the mantle may be a fundamental byproduct of large-scale, time-dependent mantle convection as demanded by the geologic observations reviewed above. A successful mantle convection model must not only explain the origin of the large-scale heterogeneity observed with tomography, geoid, present plate motions, bathymetry, and heat flow, but it must also be consistent with the long-term trends observed in the geologic record, like supercontinent aggregation and dispersal.
Why did the convection models of Machetel [1990] fail to generate large-scale heterogeneity? One possibility is a lack of plates. Although oceanic plates are the surface manifestation of convection (i.e., are the outer mobile thermal boundary of mantle convection), continental plates can act as insulating lids [Elder, 1976] and thus impose a large-scale heterogeneity on the Earth's surface. This heterogeneity could play an important role in determining Earth's thermal structure [Elder, 1976; Anderson, 1982] . The reflecting boundary condition and the small aspect ratio of the box in the Jarvis and Peltier [1986, 1990] Lateral interconnectedness and continental plates were explored by Gurnis [1988] with a f'mite element method in a Cartesian geometry with periodic boundary conditions. Although this model only included the subducting feature of oceanic plates by prescribing two weak margins on the periphery of a raft, the raft properly simulated a continent, being mechanically stiffer, thicker, and less efficient in heat transfer than the normal boundary layer. In this model, heat accumulates beneath the raft and results in a large extensional force on the raft, thus dispersing the raft and moving the split rafts off the hot zone. Since periodic boundary conditions were used, the flow often made the split rafts collide. This model provides a plausible model for the repeated occurrence of dispersal and collision of supercontinents. Using an identical technique to introduce rafts in a cylindrical annulus, Gurnis and Zhong [1991] (hereafter referred to as paper 1) showed that outside the thermal boundary layers significant power at the gravest harmonics could be generated and the heterogeneity was strongly correlated with raft motion. Paper 1 also showed that both the less efficient heat transfer through the raft and plume-plume collisions are the processes most responsible for the generation of the power at the gravest harmonics. However, in paper 1, only thermal structure at wavenumber 1 was investigated in an effort to relate raft motion to longwavelength thermal structure. It is essential to study how other long-wavelength structure interacts with rafts. There were also two simplifications in paper 1' the lack of internal heating and a relatively low Rayleigh number. Several numerical studies [McKenzie et al., 1974; Davies, 1986] have shown that internal heating has considerable influence on the form of convection, including the thickness of the thermal boundary layers and the width of plumes. Higher Rayleigh number also affects convection due to more frequent thermal boundary layer instabilities [McKenzie et al., 1974] . Here we will study the interaction between large-scale thermal structure of different wavelength and rafts and the effects of internal heating and more realistic Rayleigh numbers.
We will systematically present a series of numerical models in which internal heating, Rayleigh number, and raft size are varied. The results consistently show that raft motion is aperiodic and that significant large-scale lateral heterogeneity exists within and outside thermal boundary layers. In addition, the lateral heterogeneity with a wavelength larger than the raft width is strongly correlated with raft motion. The results also show that the continent like raft is important for developing the long-wavelength structure. 
=0, 
Finite Element Analysis
The f'mite element technique is the same as that adopted in the original Cartesian geometry version of the finite element code 
RESULTS
The role of Rayleigh number, raft size, and internal heating have been explored in a variety of cases (Table 1) . In all cases with a raft, we find (1) periodicity in raft motion, (2) significant long-wavelength structure within and outside thermal boundary layers, and (3) a correlation between raft motion and long-wavelength thermal structure within the fluid interior. By significant long-wavelength structure, we mean that the amplitude of temperature variations for harmonic degrees from 1 to 6 is significantly greater than the amplitude at higher harmonics. In section 3.1, two cases without rafts are presented serving as calibrations, while in sections 3. 
3ß2ß Cases With Rayleigh Number 105
With no internal heating, we have shown that longwavelength hetero•eneity could be generated and related to raft motion at Ra = 10 ø (paper 1). But in paper 1, we were not able to address in detail many phenomena including the mechanism of episodic raft motion. In this section, we systematically 5 and 6 ). We will see that time histories (Figure 4 ) are helpful in understanding the dynamics of convection coupled with a raft, especially for the high Rayleigh number cases, and deserve to be discussed in detail at lower Rayleigh number for reference. Time histories of TI, T 2, T3, and T4 are presented for case 3 in order to understand which wavelength of thermal structure controls raft motion for a given raft size (W/D = 4). Raft motion correlates with T1 and T 2 in such a way that any burst in raft motion usually coincides with a peak in either T1, or T2, or both (Figure 4) . However, T3 and T4 are not simply correlated with raft motion. Since T• and T 2 have a wavelength longer than the raft width, and T3 (measured at the mid-depth of the fluid layer) and T4 have a wavelength smaller than the raft, this suggests that raft motion is controlled by a thermal structure whose wavelength is longer than the raft width.
In order to illuminate the processes controlling the largescale thermal structure and raft motion, temperature fields ( Significant amount of internal heating in these two cases (the averaged internal heating rates are 68% and 63% for cases 5 and 6, respectively) may account for these differences. of the model is on the video tape. At A, T 1 is dominant over all other scales, and the raft moves off a hot plume (Figure 10a) . From A to B, as the raft moves away from the hot plume and slows down, the hot plume decays and a new one forms behind the raft (Figure 10b ), which is also evident through the decreasing T1 and growing T2 (Figure 8 ). The newly generated plume succeeds the original main plume to drive the moving raft and causes a secondary peak in raft velocity. After the secondary peak decays (Figure 8) , another new plume forms beneath the raft (Figure 10c ) which eventually causes another secondary peak in the raft velocity. For case 6 with a small raft, thermal structure T 3 seems to be able to produce significant raft motion, but T6 is unable to do so (Figure 9 ). This again suggests that raft motion is mainly controlled by thermal structure with a wavelength larger than raft sizes.
However, because variations of thermal structure of a shorter wavelength usually have a shorter period than raft velocity and a smaller magnitude than T1 and T 2 (e.g., T 3 in Figure 9) , it is often difficult to analyze the relationship between short wavelength structure and raft motion. The long-wavelength structure is evident from both the shaded temperature field (Figure 10b ) and the corresponding spectra (Figure 10d ). The two hot zones (Figure 10b ) are responsible for the significant amplitude at degree 2 in both the bottom boundary layer and the fluid interior. The imbalance of the two hot zones in both strength and location causes significant amplitude at degree 1 which, in the top boundary layer, is dominant over degree 2.
The internal heating rate is higher for the case with the larger raft because the larger raft results in a higher mean internal temperature (Table 1) which stifles the flow of heat into the lower boundary. Neither the kinetic energy nor the raft velocity increase after a significant amount of internal heating is introduced.
Cases With Rayleigh Number 10 6
Periodic raft motion, significant long-wavelength thermal structure, and a correlation between the long-wavelength structure and raft motion are still observed when the Rayleigh number is increased from 105 to 106 (Figures 11 and 12 T 2, but for the small raft case, some bursts in raft motion are clearly caused by T 3 (e.g., the peaks of V at transit time 20 in Figure 12 ), which confirms that raft motion is controlled by thermal structure with a wavelength larger than the raft size. When significant internal heating is introduced into two cases at Ra = 106 (cases 9 and 10 have 53% and 50% internal heating, respectively), raft motion becomes complicated, and we observe no periods of raft stationarity for the larger raft (Figure 14 for case 9) . However, two predominant periods at about 10 and 5 transit times (Figure 7d ) are still evident for case 9, although now the spectrum of raft velocity is much more broadly distributed compared to both lower Rayleigh number cases and cases with no internal heating. The irregular raft motion is also due to the thermal boundary layer instability: both internal heating and high Rayleigh number enhance these instabilities. For case 9, raft motion is mainly controlled by T 1, but T 2 is also responsible for some bursts in raft motion (e.g., the burst at transit time 63 in Figure 14) . Interestingly, the relative position between the raft and the large-scale_ cold zones has negligible variation as the raft moves (M in Figure 14) ; this means that a hot zone constantly lags directly behind the raft and drives its motion.
The slight changes in the direction of • are often coincident with the largest fluctuations in raft velocity and T1.
The temperature field and its spectra for cases at R a = 106
(two representative frames for cases 8 and 9 are presented in Figure 13 ) show that significant long-wavelength thermal structure exists within both the thermal boundary layers and the fluid interior. Within the fluid interior, the longest wavelength structure, T 1 , is predominant over other wavelength structure (Figures 13b and 13d ). There are a significant number of small-scale thermal anomalies. But the small-scale thermal anomalies are not evenly distributed in the fluid layer, thus causing significant long-wavelength structure. Depth dependence of RMS of the representative temperature field for the case with significant amount of internal heating (case 9) differs from that for the case with no internal heating (case 8) ( Figure 3) ; in fact, the latter has less heterogeneity in the top boundary layer.
DISCUSSION
With no raft on the surface, convection either reaches a steady-state with regular convection cells at Ra = 10 • (case 1) or becomes intermittent at the higher Ra (case 2). The spectra (Figures 2b and 2d) show that the thermal structure is characterized by short-wavelength anomalies. Interestingly, for case 2, significant long-wavelength structure only occurs within the bottom thermal boundary layer (Figure 2d) . Considering that models in a Cartesian geometry [,Iarvis and Peltlet, 1986] usually yield identically significant longwavelength structure within both the top and bottom boundary layers, this shows that a difference in geometry may result in a significant difference in thermal structure. After introducing a continent like raft, significant long-wavelength thermal anomalies are generated through the whole fluid layer. In addition, raft motion appears periodic.
The long-wavelength thermal anomalies may be related to the observed large-scale seismic heterogeneity. Considering that convection models without rafts yield less internal longwavelength structure [Macbetel, 1990] , e.g., cases 1 and 2, we suggest that the continent like rafts, which are an imposed large-scale heterogeneity on the surface, may play an The spectra within thermal boundary layers and the interior may substantially differ in both amplitude and dependence on wavenumber. While the amplitude of spectra in thermal boundary layers appears to be insensitive to Rayleigh number, the amplitude in the fluid interior decreases as Rayleigh number is increased (Figures 13b and 13d) . However, the longwavelength structure including the degree one remains significant compared to short-wavelength structure, even as the Rayleigh number is increased to 10 6 (Figures 13b and 13d) .
Indeed, the significant T! and T2 control raft motion. The continent like raft is responsible for the generation of long-wavelength structure and the generated thermal structure at a wavelength larger than raft size in turn controls raft motion. With a high viscosity raft, sluggish conduction is the only form of heat transfer possible through the raft, which is evident through the fact that heat flux out of the raft is much smaller than global heat flux (Table 1) . As a result, heat accumulates beneath the raft. The accumulated heat causes long-wavelength thermal heterogeneity and drives raft motion. The moving raft releases the accttmulated heat and this in turn leads to a decrease in raft velocity. The end results are a periodic raft velocity and a strong correlation between raft motion and long-wavelength thermal structure.
The mechanism of raft motion is better understood by looking in detail at the termination and initiation of a burst in raft motion. An upwelling plume is usually behind a moving raft. As the moving raft approaches another upwelling plume, the raft velocity will decrease and even stop if the approached upwelling plume is comparable in magnitude to the upwelling plume behind the raft. The raft may stop over a downwelling or an upwelling plume, when the raft becomes surrounded by either two upwelling or two downwelling plumes. During the period of negligible raft velocity, heat accumulates beneath the raft. The accumulated heat causes the overridden upwelling plume (or downwelling plume) to enhance (or diminish) and eventually causes the raft to move. Usually, while the raft is moving, bottom boundary layer instabilities pump additional heat into the high temperature area beneath the raft by the collision of smaller plumes into larger ones; this causes a significant change in global thermal structure and the raft velocity (see animation for case 3 in the video tape). This feeding of small thermal anomalies into preexisting largescale structure was previously shown in isoviscous, high Rayleigh number convection [Christensen, 1987; Hansen and Ebel, 1989] . Indeed, in the terminology of Vincent and Yuen [1988] , the preexisting large-scale thermal structure could be called a thermal attractor.
Although predominant periods of the periodic raft motion vary greatly with the Rayleigh number and internal heating in terms of diffusion time, they change only slightly in terms of transit time (Figure 7) . Considering that raft motion is controlled by long-wavelength thermal structure within the fluid, the predominant periods have clear physical meaning, the period during which the fluid system forms thermal anomalies capable of causing raft motion and releases the thermal anomalies. Perhaps of more importance is that for all the cases shown in Figure 7 there is a significant (often dominant) period at about 10 transit times. For a small raft, the motion has a similar primary period: 9 and 12 transit times for cases 6 and 8, respectively. Since this primary period appears to be relatively insensitive to Rayleigh number, the amount of internal heating, and raft sizes, we may scale it to Earth. With a plate velocity 5 cm/yr, the transit time for the Earth is about 60 m.y. for whole mantle convection, suggesting a scaled period of about 600 m.y. Although caution must be exercised, the predominant period of supercontinent aggregation may be close to 500 m.y. [Hoffman, 1992] . We do not investigate aggregation and breakup of the nonsubducting raft in this paper, which would involve complicated multiplate's effects [Ourhis, 1988] ; however, the fundamental mechanism causing periodic raft motion from our models would remain the same.
CONCLUSION
In a model with a cylindrical annular geometry we have introduced a continent like raft into a system of thermal convection. Significant long-wavelength thermal structure is generated not only within the bottom and top boundary layers but also within the fluid interior. The existence of significant long-wavelength thermal structure over a wide range of parameters suggests that such phenomena may be fundamental for Earth. While the magnitude of the spectra of longwavelength thermal structure within the fluid interior decreases as Rayleigh number is increased, the relative importance of this structure compared to higher harmonics is still significant. The magnitude of spectra within the boundary layers is insensitive to the Rayleigh number and is always significant. The magnitude of spectra within the top thermal boundary layers decreases with wavenumbers k, with an approximated function of k '1 and with a certain amount of internal heating, the RM$ within top thermal boundary layers is much larger than that within the bottom thermal boundary layers, both of which are compatible with seismic observations. Raft motion appears periodic, although the details of raft motion depend on Rayleigh number, internal heating, and raft size. Raft motion with a period about ten transit times is usually significant for most cases (Figure ? ). This period scales to about 600 m.y., close to the 300-500 m.y. period suggested for supercontinent aggregation and dispersal. Raft motion is controlled by thermal structure of a wavelength larger than raft size, but the structure with the longest wavelength, such as T1 and T 2, usually has a much greater effect on raft motion than smaller-scale structure. Both significant long-wavelength structure and periodic raft motion are consequences of the dynamic interaction between the raft and convection. When the raft is relatively stationary, heat accumulates beneath due to the less efficient heat transfer through the raft and instabilities from the bottom boundary layer, thus causing long-wavelength thermal structure and enhancing raft motion. Accompanying the enhanced raft movement, the long-wavelength thermal anomalies diminish, and the raft velocity is decreased.
Although these dynamic models are still ideal, they may explain observables such as long-wavelength seismic heterogeneity in the mantle and possibly the periodicity of supercontinent aggregation and dispersal. Considering that models without rafts generate less long-wavelength structure, it is suggested that continent like rafts play an important role in mantle convection and should be properly taken into account.
APPENDIX A: COMPARISON WrrH A • STABILITY ANALYSIS
A proper approach to verify a computer code is to compare a solution from the code with that from an analytical method for a problem which is fully described by the governing equations. For our present problem, we choose the critical Rayleigh number, which is a measure of stability of a fluid system and can be obtained from a linear stability analysis (LSA). The linear stability analyses in spherical shell geometry and Cartesian geometry have been well documented [Yeffreys and Bland, 1951; Chandrasekhar, 1961] . A similar technique is adopted here for an annulus in a cylindrical coordinate system. Consider a annulus of incompressible fluid subject to a constant radial gravitational field g. Because the present purpose is to verify our code, only bottom heating, isothermal and free-slip boundary conditions are considered. The perturbation equations may be written in the forms [Chandrasekhar, 1961] •}ui = 0, 
